A strain of Mycobacterium tuberculosis (H37Rv) considered virulent for mice and a strain (R1 Rv) considered relatively avirulent were compared for their ability to survive host immunity in the lungs and to induce lung pathology. Although both strains of M. tuberculosis were capable of causing a slowly progressive infection in the lungs of immunocompetent mice, only the H37Rv strain was capable of inducing progressive destructive pathology and of causing loss of lung function over a 300-day period. Therefore, the ability to survive host immunity in the lungs and the ability to cause lung pathology are separate manifestations of mycobacterial virulence.
Introduction
Tuberculosis in man is predominantly a disease of the lungs [I] . Moreover, strains of Mycobacterium tuberculosis isolated from human patients with active disease are capable of causing lung disease in various experimental animals [ 2 4 ] . It was shown some time ago for mice, [5, 6] for example, that intravenous (i.v.) inoculation of M. tuberculosis causes progressive disease in the lungs, rather than in other organs. A more recent study revealed [7] that progressive lung disease occurs in mice, in spite of an acquired mechanism of cellular immunity capable of resolving infection in the liver, spleen and kidneys. On the other hand, infection with attenuated strains of mycobacteria are resolved in the lungs, as well as other organs [8] . Therefore, the ability to survive and cause persistent infection in the lungs in the face of systemic immunity is a key manifestation of mycobacterial virulence.
The purpose of this study was to examine whether the ability to cause progressive lung pathology and death of immunocompetent mice is a manifestation of mycobacterial virulence which is distinct from the ability to persist in the lungs.
Materials and methods

Mice
Immunocompetent female B6D2F 1 (C57B1/6 x DBA/2) mice were obtained from the Trudeau Institute Animal Breeding Facility (Saranac Lake, NY, USA) and used Received 31 Aug. 1995; revised version accepted 20 Dec.
1995. Corresponding author: Dr I ? L. Dunn. in experiments at 7-9 weeks of age. They were free of common viral pathogens according to routine serological screening performed by the Research Diagnostic Laboratory, College of Veterinary Medicine, University of Missouri. All experiments with animals were carried out in accordance with the regulations outlined in the NIH Guide to the Care and Use of Laboratory Animals.
Bacteria
Two strains of M. tuberculosis, strain H37Rv (TMC #102) and strain RlRv (TMC #205) were obtained from the Trudeau Mycobacterial Culture (TMC) Collection. They were grown and frozen as working stock cultures as previously described [7] . Bacteria were prepared for inoculation by thawing a stock vial, diluting it 1 O-fold in phosphate-buffered saline (PBS) containing Tween 80 0.01%, and subjecting the suspension to ultrasonication for 5 s to break up clumps. The resulting suspension was diluted to the desired concentration in PBS containing Tween 80 0.01%. Mice were inoculated with 0.2 ml of the final suspension via a lateral tail vein. Bacteria were counted in the organs of infected mice by plating serial 10-fold dilutions of whole organ homogenates on enriched agar (Middlebrook 7H 1 1 ; Difco Laboratories), incubating the plates for 2-3 weeks, and counting the number of cfu with 4 x magnification dissecting microscope. All experiments were based on the use of five miceltimepoint.
Histology
Lungs were fixed in neutral-buffered formalin lo%, washed in running tap water, dehydrated in ethanol and embedded in paraffin by standard procedures. Paraffin sections were cut at 5 pm with a rotary microtome (A0 820 microtome; American Optical, Buffalo, NY, USA). After dewaxing, the sections were stained for acid-fast bacilli with a modified basic fuchsin stain [9] containing LOC High Suds (Amway Corporation, Ada, MI, USA) 0.6% v/v. Sections were then briefly destained with acid-alcohol, and counterstained with either methylene blue or with a water-based MacNeal's tetrachrome stain. Photomicrography was performed with a Nikon Microphot-Fx-microscope. Histological examination was performed on the organs of three micehime-point. Fig. 1 shows the fate over a 300-day period of the virulent H37Rv strain of M. tuberculosis and the avirulent RlRv strain in the lungs and livers of mice inoculated i.v. with lo5 bacilli of either strain. In each case, > 90% of the inoculum was taken up by the liver, with < 1% (102.5) implanting in the lungs. After day 1, infection with either strain progressed in the liver for c. 10 days, after which it underwent resolution to reach a low level that remained stable for a period of 250 days or more. Therefore, there was little or no significant A 20-day period of progressive bacillary growth in the lungs was followed by a prolonged period of greatly reduced growth in the case of both organisms, although the level of infection reached at day 20 by strain RlRv was much lower than by strain H37Rv. In the liver a 10-day period of bacillary growth was followed by resolution of infection to a low level that remained stable for a long period of time. Mice infected with strain H37Rv began dying at day 250 of infection. After this time the number of strain H37Rv in the lungs began to decrease, and the level of infection was gradually reduced 100-fold over the remaining time. Results are means and SD for five micehime-point.
Results
Persistent lung infection
difference in the ability of these strains to resist host immunity in the liver. However, in the lungs infection progressed for c. 20 days, but at a much faster rate in the case of strain H37Rv. This resulted in the lungs of mice infected with this strain having 100-fold more bacilli on day 20 than those infected with strain RlRv. After day 20, however, the rate of bacillary growth for each strain was greatly reduced, presumably under the influence of acquired immunity. In the case of strain RlRv this resulted in a very slowly progressive infection that continued without interruption for > 300 days. In the case of mice infected with strain H37Rv, lung infection also progressed slowly, but at the higher level, until day 200, after which the bacillary number declined to approach that of strain R1 Rv. Mice infected with strain H37Rv showed signs of respiratory distress and began to die from c. day 250 onwards, whereas those infected with strain RlRv showed no signs of illness during the 350 days of the experiment.
Lung pathology
The foregoing results show that whilst both a strain of M. tuberculosis of high virulence and one of low virulence were capable of causing an infection in the lung which persisted over a long period, only mice infected with the strain of high virulence showed signs of respiratory distress and succumbed to infection. This indicated that the virulent strain is capable of causing more lung pathology than the less virulent strain. To investigate this possibility, the lungs of mice infected for 300 days with either strain were subjected to histological examination.
Strain H37Rv was significantly more capable of inducing lung pathology than strain RlRv. Low power microscopy ( Fig. 2a) showed that in mice infected with strain H37Rv for 300 days, most of the lung parenchyma was consolidated and had the appearance of end-stage lung disease with a typical honeycomb structure. When viewed at the same magnification, the lungs of mice infected for 300 days with strain RlRv (Fig. 3a) were almost completely free of pathology, except for some randomly scattered small lesions measuring 100-200 pm across. Presumably, many of these lesions represented sites at which strain R1 Rv had originally implanted in the lung.
At high power it was clear that in the lungs of strain H37Rv-infected mice (Fig. 2b ) most of the air spaces were occupied by inflammatory cells. This was associated with an expansion and increased cellularity of the interstitium. An electron microscopy study (unpublished observations) showed that the interstitium contained abundant type I collagen and fibroblasts. The honeycomb appearance of consolidated lung viewed at lower power was seen to be the result of the interruption of densely cellular tissue by numerous expanded air sacs, some of which had coalesced into larger structures. Some of the air sacs contained cellular debris while others contained aggregates of intact and degenerating macrophages, many of which contained acid-fast bacilli (Fig. 2b) . Most of the air sacs were lined by epithelial-like cells (Fig. 2c) , and it was apparent that expansions of the sacs had obliterated individual alveolar outpocketings (Fig. 2d) .
The small lung lesions induced by strain RlRv (Fig.  3b,c) , on the other hand, consisted of compact accumulations of epithelioid macrophages and other mononuclear cells, as well as occasional neutrophils. Some of the macrophages contained small numbers of acid-fast bacilli, and the lesions as a whole gave the appearance of being relatively stable in composition.
Occasionally they were seen in close proximity to extensive aggregates of lymphocytes representing expanded intrapulmonary lymphoid tissue.
Discussion
M. tuberculosis is an obligate pathogen that has evolved to enter its human host via the respiratory tract and to colonise the lung rather than other organs in the face of systemic immunity. It is apparent that it has also evolved to induce pathology of a type that will ensure its exit from lungs via the respiratory tract in micro-droplets for dispersal by air. The pathology induced in the lungs of immunocompetent humans by M. tuberculosis results in fibrotic encasement of sites of infected tissue followed by caseation of the infected tissue within [lo]. This is followed in turn by coalescence of caseous lesions into larger ones that eventually form cavities. This can be associated with denudation of the walls of adjacent bronchioles and with the emptying of the contents of cavities into the bronchioles for expulsion via the respiratory tract.
The results presented here confirm earlier findings [6] , showing that tuberculosis in immunocompetent mice is similar to tuberculosis in man in being a disease primarily of the lungs. Inoculating mice with the virulent H37Rv strain of M. tuberculosis i.v. was shown here to result, after an initial period of rapid growth, in a much reduced rate of growth that gave rise to a persistent or slowly progressive infection in the lungs over an extended period of time, even though the level of infection in the liver was reduced > 95% before day 50 and then stabilised. According to the results of an earlier study from this laboratory [7] the reduced rate of infection in the lung and resolution of infection in the liver is the result of the acquisition of immunity mediated by CD4+ T cells, as evidenced by the continuous rapid growth of the pathogen and the early death of mice depleted of this T-cell subset. Early death of CD4+ T cell-depleted mice infected with M. tuberculosis has been demonstrated by other workers [ 1 11. Presumably, the CD4+ T cells involved in this type of immunity are predominantly T H~ cells, given the importance of which eventually resulted in consolidation of most of recent reviews of this subject [14, 151. the lung parenchyma and loss of respiratory function. At 250 days of infection and later, this pathology was The present study also showed that the persistent similar in appearance to the honeycomb end-stage A key additional finding generated by this study is that the ability of M. tuberculosis to persist in the lungs of immunocompetent mice over a long period of time need not be associated with an ability to induce tissue-destructive lung pathology. This explanation of why strain H37Rv, but not RlRv, causes pathology is in keeping with the additional evidence presented here showing that strain H37Rv has a much faster doubling time than strain RlRv in the lungs of mice during the first 20 days of infection (44.5 h versus 84.5 h) before immunity is expressed. It has been a general finding [22, 23] that virulent strains of mycobacteria have shorter doubling times than attenuated ones, and it is generally considered that a shorter doubling time is a reflection of a higher rate of metabolic activity [24] . Furthermore, it is obvious from this study that a faster doubling time enabled strain H37Rv to grow 2 loglo more than strain RlRv in the lungs during the first 20 days of infection before the expression of host immunity and the consequent stabilisation of infection. This was seen microscopically as a much larger number of strain H37Rv per lesion and a larger number per infected macrophage in sections of lung stained for acid-fast bacilli. It seems reasonable to suggest that macrophages with larger bacillary loads would be expected to synthesise and secrete larger quantities of cytokines and other products than macrophages with smaller bacillary loads. Therefore, the ability of strain H37Rv to multiply almost twice as fast as strain Rl Rv and to populate sites of infection with 100 times more bacilli before host immunity is expressed could explain the superior ability of strain H37Rv to induce pathology. However, it should be mentioned that strain H37Rv was able to continue to cause progressive pathology after day 200 of infection when its number in the lungs was in decline and approaching the number of strain RlRv. The consequence on lung pathology of inoculating mice with a larger number of strain RlRv to raise the level of infection reached by this organism to that reached by a lower number of strain H37Rv is currently being investigated. However, preliminary results indicate that although increasing the inoculum size of strain RlRv serves to increase the level of infection in the lungs it does not result in progressive pathology. Presumably this is because it serves to increase the number of infectious lesions per lung rather than the number of bacilli per lesion.
In conclusion, the results of this study show that M. tuberculosis virulence not only depends on the ability of the organism to persist in the lung in the face of acquired host immunity, but also on the ability to induce destructive pathology in this organ over a long period of time. Both these aspects of virulence need to be considered in attempts to identify virulence genes by recombinant DNA technology.
